The resistance to absorption resulting from poor stirring of luminal contents (RL.m) is considered to be equivalent to an unstirred layer of greater than 600 um in the human small intestine. We measured RL.m in the jejunum of conscious dogs by assessing the absorption rate of two rapidly absorbed probes, glucose, and I'4CIwarfarin. When RL.m was expressed as an unstirred layer, the maximal thickness of the unstirred layer (assuming negligible epithelial cell resistance) was only -35 and 50 gm for perfusion rates of 26 and 5 ml/min, respectively. Maximal unstirred layer thickness for the human jejunum, calculated from previous studies of glucose absorption, yielded a mean value of only 40 ,um (range: 23 to 65 Mm).
Introduction
The absorption rate of a solute from the gut depends upon the concentration of the solute at the brush border and the subsequent rate of transport of the compound by the mucosa. The delivery of solute to the brush border is a function of the efficiency of luminal stirring. A wide variety of in vitro (1) (2) (3) (4) (5) (6) (7) (8) and in vivo (3, (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) studies have suggested that luminal stirring is relatively poor and large aqueous diffusion barriers build up adjacent to the mucosa. Expressed as a uniform thickness of unstirred water, this preepithelial diffusion barrier in man is thought to produce a resistance equivalent to an unstirred layer of greater than 600 Mm (9, 10, 12) . Such a relatively enormous diffusion barrier would drastically reduce the absorption of any compound that is rapidly transported across the mucosa.
Most studies of resistance due to poor luminal stirring in animals have been carried out in vitro or in laparotomized animal preparations where limited intestinal motility is likely to have reduced luminal stirring. In a recent study ( 19) , more physiological measurements in the nonlaparotomized rat showed the preepithelial resistance to be equivalent to an unstirred layer'of only 100 gm, a value much lower than previously reported for any species. The initial goal of the present study was to obtain physiological measurements of unstirred layer resistance in an animal whose small bowel has dimensions and motility more comparable to that of man. To this end we perfused the intestine of conscious dogs via a Thomas cannula and calculated unstirred layer resistance from the absorption rate of rapidly transported probes. These results led us to calculate in similar fashion unstirred layer resistance in man from previously published studies of glucose absorption. We conclude that luminal resistance to glucose absorption in humans is less than one-tenth the conventionally cited value for unstirred layer thickness.
Methods
Three, 25-30- After a 2-wk recovery period, perfusion studies were performed.
The perfusion apparatus consisted of four tubes. The infusion and aspiration port were separated by a distance of 20 cm and balloon tipped cannulas were located just proximal to the infusion site and distal to the aspiration site. The 
where c/c represents the ratio of initial to logarithmic mean concentration of the probe. Clearance was then normalized for area of the aqueous diffusion barrier yielding units of cm/min. The area of the aqueous barrier was assumed to be that of a smooth cylinder that had the diameter and length of the inner surface of the gut. This surface area was calculated by determining the radius from the length (L) of the segment (20 cm) and the luminal volume (v) (measured at the end of each study):
Total resistance to absorption per cm2 of area (RTot) is the reciprocal of clearance/cm2:
This RT., is created by the resistance ofthe aqueous luminal barrier (RLum) and the epithelial cell (REP) in series: (5) This maximal estimate of RLUM can be converted to a maximal thickness of an aqueous layer (unstirred layer) that would yield this resistance:
where D is the aqueous diffusion coefficient of the probes. The unstirred layer in the human gut was similarly calculated from perfusion studies measuring glucose absorption from solutions containing 540 mg/dl (30 mM) or less. The diffusing area of the unstirred layer was calculated from the length of the perfused segment and a gut volume of 3 ml/cm, an average value reported for the human small intestine perfused at a rate of 14 ml/min (21 ) . A gut distended with 3 ml/cm has a surface area at the villous tips of -6 cm2/cm (Eq. 2).
The logarithmic mean glucose concentration in the lumen was calculated from inflow and outflow concentrations ( ( 18) . The theory underlying the calculation of unstirred layer thickness for varying absorption rates ofglucose is as follows. The rate ofglucose absorption was calculated numerically because the saturability of the glucose transport system introduces a nonlinearity. Luminal fluid was assumed to be perfectly mixed in the radial direction up to an unstirred layer of thickness d. The perfused intestine is a steady-state preparation so that, at any position along the radial axis (x), the diffusive flux through the unstirred layer must equal the rate of absorption by the active transport system;
where CLum and Cw are the concentrations in the stirred lumen, and at the mucosal cell at position x, respectively, D is the diffusion coefficient ofglucose (6.7 X 10-6 cm2/s), Vma,, is the maximum absorption rate per unit area, and Km is the dissociation constant of the glucose transport system or the Michaelis constant. This equation assumes that axial diffusion in the lumen is negligible. Solving Eq. 7 for Cw:
For a well mixed, cross-sectional ring of bulk luminal contents of thickness 6 at the position x, conservation of mass yields:
where a is the radius of the intestine, F is the perfusion rate and Cw is given by Eq. 8. Solving for C(x + 6):
[10]
Eq. 10 gives the concentration at position x + 6 in terms of the concentration at x. Repeated application of this equation yields the concentration down the length of the lumen, and the concentration at the end of the loop (x = L) indicates the net amount of glucose that was absorbed. The solution in the text was carried out for a 6 of 1/100 the length of the loop.
The concentration profile ofglucose in the intervillous space. Winne (23) has presented a general derivation of the concentration profile that results from the absorption of solute along the lateral surfaces of the villi. These results will be applied here with the following assumptions: (a) the villi are a series of parallel, rectangular columns; (b) the luminal space is perfectly stirred up to the villous tips; (c) movement of the solute in the intervillous space is due entirely to diffusion; (d) solute concentration over any cross-sectional area of the intervillous space is relatively constant; (e) absorption occurs only on the lateral surface ofthe villi and absorption at the villous tips is neglected; (f) the product ofthe villous membrane permeability (P) and the surface area per unit villous length (S) is a constant, independent of the distance from the villuos tips (X); and (g) the length ofthe intervillous space is much longer than the space constant q (see below). With these assumptions, the general expression of Winne (23) for the concentration C(X) at a distance X from the villous tip relative to the luminal concentration (CLum) is: C(X)/CL = e-1 q'2 = DA5/(PS), (11) where D is the diffusion coefficient and A, is the intervillous space cross-sectional area. To the extent that the above assumptions are not
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The concentration decreases exponentially with distance from the tip (Eq. 11) . The distance that glucose penetrates down the intervillous space is characterized by the constant q. The greater the absorption rate, the larger the cell permeability (P), the smaller the q, and the shorter the distance of penetration (Eq. 11). The absorption rate can be related to an alternate case where the villus tips have an infinite permeability so that the concentration is 0 at the villus tips and the absorption is limited entirely by an unstirred layer of luminal fluid of thickness d:
where A, is the total surface area, i.e., the surface of a circular cylinder whose radius corresponds to the position of the villous tips. Equating Eqs. 11 and 12 and solving for PS:
Substituting this expression for PS into the equation for q (11):
To estimate the ratio of the cross-sectional surface area of the intervillous space to the total surface area at the villous tips (AS/A,), dog jejunum was cannulated and the lumen flushed with isotonic saline. The saline was stripped from the segment and the distal end occluded. Formalin (3%) was then instilled into the segments at volumes of 1 or 3 ml/cm (the latter volume was greater than observed in any study). After 24 h in formalin, the emptied segments maintained the diameter present in the distended state. The segments were embedded, sectioned, stained, and examined by light microscopy.
Results
Unstirred layer thickness. The results of studies in dogs are summarized in Table I value reported for rats, REP would be nearly negligible for the 75% glucose absorption rate. If the Km were tenfold greater than the value reported for the rat, -20% of the resistance to absorption would result from REP for 75% glucose absorption. Surface area of intervillous space. Fig. 3 shows a typical microscopical section of the villi of a dog jejunal segment distended with 1 ml/cm of saline, a value greater than the average distension observed at a perfusion rate of 5 ml/min and less than that observed at 25 ml/min. The width ofthe intervillous space averages 40 Am and is roughly one-half the width of the villi. The mucosal epithelial cell is -30 Am thick in the dog, as is the epithelial cell of man determined from published photomicrographs of the human jejunal mucosa. Concentration profile in the intervillous space. As shown in equations 11 and 12, the concentration profile down the intervillous space is a function of the thickness ofan unstirred layer over the villous tips that would account for observed absorption and the ratio of the cross-sectional surface area of the intervillous space to the total surface area. Fig. 4 shows the resultant concentration profile of glucose in the intervillous space using intervillous/villous tip total surface area ratios of 1:3 (observed) and 1:2 (a maximal estimate), and a 40 Am equivalent unstirred layer thickness.
Discussion
The thickness of the unstirred layer in the small intestine has been measured using several different techniques in various in vivo and in vitro preparations. In vivo measurements in rats generally have yielded unstirred layers of at least 300 gm thickness (3, 11, (14) (15) (16) (17) , and in man and dogs this layer is said to be greater than 600,gm (9, 10, 12, 13) .
In this study, we intubated the jejunum of unanesthetized dogs and measured RLUm using glucose or ['4C]warfarin as probes. The results obtained (see Table I ) are less than onesixth the values cited for unstirred layers in rats and less than one-tenth that for man. We believe this enormous discrepancy reflects differences both in methodology and animal models.
Two different methods commonly have been employed to measure unstirred layer thickness. The osmotic transient technique was first used to measure the thickness of a layer of fluid that remained in the gall bladder after drainage and replacement by a fluid of differing osmolality (24) . In this application, the bulk luminal fluid could be rapidly switched from a fluid of one osmolality to a second of different osmolality, Fig. 1 ). This curve was nearly identical to the infinite V.ma curve (see Fig. 1 ). considerable time would be required to bring the luminal osmolality to that of the second solution. In addition, the solutes used to manipulate osmolality presumably have to diffuse down the extent of the intervillous space before a steady-state PD is established. In contrast, rapidly transported solutes are absorbed at the villus tips. Thus the greater than 600 Mm unstirred layers reported for the human gut may have little relevance to the unstirred layer that exists for rapidly absorbed compounds. The second method employs the rate of absorption or brush border hydrolysis of probes to calculate unstirred layer thickness (3, (14) (15) (16) (17) (18) . These measurements are carried out during a steady-state perfusion and require few assumptions for accuracy. In this technique, the rate ofabsorption or hydrolysis is used to measure RTOt and subtraction of REP or hydrolysis yields RLum.
With two recent exceptions, such studies have been performed in rats using segments of small bowel exposed at laparotomy and yielded unstirred layers ranging from 300 to 1,000 Am (3, 11, (14) (15) (16) (17) . However, in conscious, nonlaparotomized rats we found an unstirred layer of only -100 Mm ( 19) , in contrast to > 600 Mm values in comparable segments studied at laparotomy. Similarly, Yuasa et al. (26) found a much lower RLUm for gut segments replaced in the abdomen and studied after the rat regained consciousness. Thus, the > 300-,um unstirred layers reported for rats appear to be an artefact of the poor motility induced by laparotomy.
In this study, we calculated unstirred layer thickness for the dog from measurements of glucose and [ '4C]warfarin absorption using the assumption that REP was negligible, an assumption that gives a maximal RLUm. This maximal estimate of RLum was equivalent to an unstirred layer over the villous tips of only -50 and 35 lAm at perfusion rates of 5 and 26 ml/ min, respectively (Table I ).
All previous unstirred layer measurements in the human gut employed the osmotic transient technique. However, maximal estimates of unstirred layer thickness in man can be easily obtained from previous reports of glucose absorption from infusates containing low concentrations of glucose (9, 10, 22, (27) (28) (29) (30) (31) . For this calculation, REP was assumed to' be negligible and the area of the luminal aqueous barrier was assumed to have an area equal to a cylinder over the villous tips. As shown in Table II It should be stressed that calculation of maximal unstirred layer thickness from absorption measurements is dependent upon just one assumption, that one knows the glucose absorption rate per cm2 of unstirred layer. Since glucose absorption is directly measured, the only possible error is in the area calculation.
Previous publications have used surface area values for the unstirred layer ranging from a smooth cylinder (a minimum value) to the total villous surface (a maximal value). The rationale underlying our surface area calculation is depicted in the models shown in Fig. 5 . In model 5 A, glucose transport by the epithelium is extremely rapid and glucose concentration is negligible at the villous tips. This could result from rapid absorption by the villous tip cells and/or convection of glucose into the intervillous space via villous contractions, with rapid transport from the intervillous space. In either situation, the rate-limiting step in absorption is diffusion through a cylinder of unstirred layer overlying the villous tips. Since our calculations based on Km and Vmax (Figs. 1 and 2 ) indicated minimal epithelial resistance to glucose absorption, it seems appropriate to use a surface area for the unstirred layer equal to that of a cylinder at the villous tips. This area yields the unstirred layers shown in Tables I and II. Some investigators have used the entire villous surface area to calculate unstirred layer thickness. Since this area is -10 times that of the tips, one obtains an unstirred layer of -400 tim, rather than 40 .m, for our data. However, a simple analysis of villous architecture indicates that this calculation is illogical. In order for the unstirred layer to have the area of the entire villous surface, bulk luminal contents must be convected down the extent of the intervillous space which has a width of only -40 ,m. Thus, it is physically impossible for the unstirred layer to exceed 20 Am in thickness when the sides of the villi surface are exposed to solute via convection. Fig. 5 B depicts the situation where uptake is limited both by an unstirred layer over the villous tips and epithelial transport. Solute concentration rises at the villous tips, resulting in diffusion into the intervillous space. There are now two distinct aqueous diffusion barriers: (a) a layer over the villous tips and (b) a longitudinal barrier produced by unstirred intervillous fluid. For a given absorption rate, the thickness of the layer over the tips must decrease with increasing epithelial resistance.
While it is difficult to model the intervillous fluid column as a "layer," a functional unstirred layer could be defined as In this situation, glucose concentration rises at the villous tips and glucose diffuses into the intervillous space. There are two aqueous barriers to absorption: the fluid layer over the villous tips and the column of fluid in the intervillous space. Fig. 5 C reflects the maximal diffusion barrier for a solute in which epithelial transport is so slow that the concentration of solute is constant throughout the unstirred layer and the intervillous space.
Luminal Stirring in the Small Bowel 1545 the mean longitudinal distance solute diffuses down this space before being absorbed. This distance is maximal when there is no unstirred layer over the villous tips and all absorption occurs from the sides of the villi. This distance can be roughly estimated for low concentrations of glucose if simplifying assumptions are employed regarding the anatomy of this space (see Methods). Using the observed 1:3 ratio of the cross-sectional surface area of intervillous space to the luminal mucosal surface, 50% of the glucose will be absorbed within 9 ,um ofthe villous tips and > 90% within 40 um of the tips (see Fig. 4 ). Thus, a rapidly absorbed solute (such as glucose at low luminal concentration) will have a mean aqueous diffusion barrier of 40 ,um or less, independent ofwhether absorption occurs at the villous tips or along the sides of the villi.
It follows from the above that a single value cannot represent the aqueous diffusion barrier for all solutes. Compounds with a ratio of REp:aqueous diffusion coefficient appreciably greater than glucose, will diffuse more deeply into the intervillous space. While this diffusion distance may become appreciable, the long aqueous diffusion path is caused by the slow epithelial transport rather than being the cause of the slow transport. This concept can be carried to its illogical extreme if one considers a solute whose epithelial uptake is so slow that a constant concentration develops throughout the entire intervillous space (Fig. 5 C) . The mean distance that absorbed solute would have to diffuse before absorption would be 300 ,um (one-half the length of the intervillous space).
However, this long diffusion distance is irrelevant to absorption, which is limited by epithelial transport. All luminal resistance data for the dog and man in Tables I  and II (Figs. 1 and 2 ). Even ifthe Vmax of man was 1/ 10 the literature value (Fig. 1) or the true Km were 10 times greater than that of the rat (Fig. 2) , REP is minimal. Thus, our maximal estimates for RLUm or unstirred layer thickness from glucose absorption data should be close to the true values.
We conclude that for the normally absorbing gut epithelium, measurement of glucose absorption at low glucose concentration provides a simple, straightforward means of assessing RLUm or unstirred layer thickness. Application of this technique indicates an unstirred layer thickness for man of 40 ,4m or less. Nevertheless, for rapidly transported compounds, such as low concentrations of glucose, diffusion through a 40-am preepithelial diffusion barrier remains the rate limiting step in absorption. Passively absorbed compounds must diffuse through an -30-,gm aqueous thickness of the gut epithelia to reach the blood stream. This 30-tim thickness represents a diffusion barrier at least 75% ofthe 40-,um unstirred layer over the tips. Thus, epithelial resistance should comprise a minimum of 40% of the total resistance to absorption of passively absorbed compounds.
